Filopodia sense the extracellular environment and direct movement in many cell types, including neurons. Recent reports suggest that the transmembrane form of the widely expressed proteoglycan agrin (TM-agrin) regulates formation and stability of neuronal filopodia. In order to elucidate the mechanism by which TM-agrin regulates filopodia, we investigated the role of agrin's glycosaminoglycan (GAG) chains in the induction of filopodia formation by TM-agrin overexpression in hippocampal neurons, and in the induction of filopodia-like processes in COS7 cells.
Introduction
Agrin is a proteoglycan with a 220-kDa protein core that is expressed in secreted and transmembrane forms [1, 2] . Agrin secreted by motor neurons is required for postsynaptic development at the neuromuscular junction [3] and secreted forms of agrin are found in the basement membranes of various tissues [4, 5] where its function is largely unknown. Agrin is also expressed by T-lymphocytes, where it plays a role in regulation of the immunological synapse [6, 7] . The transmembrane form of agrin (TM-agrin) is widely expressed in the developing central nervous system (CNS) and in regions of the adult CNS that show extensive plasticity [8] . The functions of agrin in the CNS are not fully understood, but there is evidence for roles in regulation of neurite outgrowth and branching [9] , and synapse formation [10, 11] . We previously reported that over-expression of TM-agrin in myotubes caused extensive formation of filopodia [12] . Moreover, we found that TM-agrin over-expression caused extensive formation of filopodia in immature hippocampal neurons, while suppression of endogenous agrin expression by siRNA reduced the number of filopodia [13] . In a parallel study [14] , it was shown that clustering of membrane agrin in various types of neurons resulted in the formation of filopodia-like microprocesses. Both of these studies support the hypothesis that TM-agrin regulates filopodia in developing neurons. Recently, we showed that suppression of endogenous agrin expression by an siRNA lentivirus reduced the number of filopodia on the dendrites of mature hippocampal neurons during the formation of synapses in culture, and reduced synapse formation to a similar extent [15] . In as much as dendritic filopodia have been implicated in synapse formation (reviewed in [16] ) these results were consistent with a role of TM-agrin in promoting synaptogenesis through positive regulation of dendritic filopodia.
Several functional effects of agrin, including the above-mentioned regulation of filopodia, involve membrane-cytoskeletal interactions, for example, aggregation of acetylcholine receptors on skeletal muscle cells [17, 18] , modification of sarcolemmal structure [19] , regulation of the immunological synapse [20, 7] , and enhanced activation of Tlymphocytes [21] . The actin cytoskeleton plays a crucial role in molecular organization of the plasma membrane and in the regulation of cell architecture, including the dynamics of cellular protrusions [22, 23] . Organization of the actin cytoskeleton is typically regulated by activation of Rho-family small GTPases and their downstream effectors [24, 25] . Whereas Rac1 and Cdc42 have been implicated in protrusion of lamellipodia and filopodia, respectively, RhoA has been implicated in stress fiber formation and in retraction of the trailing edge of motile cells [26] . Recently, we have provided evidence that activation of Cdc42 is important for filopodia formation induced by transfection with TM-agrin in SHSY-5Y neuronal cells [13] .
The mechanism by which TM-agrin regulates filopodia is not well understood. It has been suggested that TM-agrin may act as a receptor or co-receptor to trigger an intracellular signaling cascade [27] . On the other hand, a proteolytic fragment of TM-agrin has been shown to act as a ligand to regulate dendritic filopodia during activity-dependent plasticity in mouse hippocampal CA1 neurons [28] . We previously showed [13] that the extracellular N-terminal portion of agrin is required for the induction of filopodia in neurons, while the extracellular C-terminal domains are not. The extracellular Nterminal domains of agrin contain both heparan sulfate (HS) and chondroitin sulfate (CS) glycosaminoglycan (GAG) chains attached at two separate sites [29, 30] . GAG chains have a broad range of ligands, which include protease inhibitors, growth factors, extracellular matrix components, enzymes and viral proteins [31] . The binding of heparan sulfate proteoglycans (HSPGs) to cell adhesion proteins is thought to augment their adhesiveness [32] . It also has been suggested that heparan sulfate binding to neural cell adhesion molecule (NCAM) is required for NCAM-mediated homophilic binding, thus serving as a mechanism for modulating the adhesiveness of NCAM during development [33] . Moreover, the role of agrin in enhancing the function of NCAM has been well documented [34] . There is evidence for multiple functions of the GAG chains of agrin. Agrin GAG chains are involved in the binding of other extracellular matrix components, amyloid peptides, growth factors and receptors [35, 36] . GAG chains of agrin shield agrin and amyloid peptides from proteolytic degradation and may be responsible for the slow turnover of amyloid aggregates [37] . Agrin's GAG chains also contribute to inhibition of neurite outgrowth on over-expressing cells [38] but, on the other hand, the HS GAG chains are required for potentiation of the stimulation of neurite outgrowth by basic fibroblast growth factor [39] .
In the present study we have investigated the roles of the GAG chains of agrin and the activation of Rho-family GTPases in the induction of filopodia in neurons and related actin-based protrusions in COS7 cells. We show that the GAG chains are important for the induction of these protrusions in both neurons and COS7 cells. Moreover, the GAG chains are involved in regulation of Rho-family GTPase activation, which in turn, influences TM-agrin-induced formation of actin-based protrusions.
Materials and methods

Constructs
All agrin constructs were based on the rat agrin cDNA sequence [40, 41] .Wild-type TM-agrin 4,19-GFP (TM-agrin) as well as the constructs with the N-terminal or C-terminal extracellular domains deleted were constructed as previously described [42] . All GAG chain attachment site mutation constructs were made by polymerase chain reaction (PCR) using appropriate pairs of forward and reverse synthetic oligonucleotide primers (GenScript Corporation, Scotch Plains, NJ). Mutagenesis was performed using the Quick-Change site-directed mutagenesis kit (Stratagene, San Diego, CA). Primers: 5'-GAG TGT GGC gCA GGG GGC gCT GGT gCT GGG GAG GAC GAC G and 5'-C GTC GTC CTC CCC AGC ACC AGC GCC CCC TGC GCC ACA CTC were used to mutagenize Serine 566, 569 and 571 to Alanine in the heparan sulfate GAG chain binding sites (SI). For mutagenesis of the chondroitin sulfate GAG chain binding sites (SII), we used 5'-GCA ACA TCA ATC TTC AGT GAA gCC GGC gcC GCC AAT GGG and 5'-CCC ATT GGC GGC GCC GGC TTC ACT GAA GAT TGA TGT TGC to mutagenize Serine 953 and 955 to Alanine; 5'-GGC GCC GCC AAT GGG gcT GGC GAC GAG GAA CTG and 5'-CAG TTC CTC GTC GCC AGC CCC ATT GGC GGC GCC to mutagenize Serine 959 to Alanine; 5'-GGC GAC GAG GAA CTG gcT GGA GAT GAG GAG G and 5'-C CTC CTC ATC TCC AGC CAG TTC CTC GTC GCC to mutagenize Serine 965 to Alanine; 5'-GAT GAG GAG GCC gcT GGG GGC GGG gCT GGG GG and 5'-CC CCC AGC CCC GCC CCC AGC GGC CTC CTC ATC to mutagenize Serine 971 and 975 to Alanine. The double GAG chain binding site mutant (SI + II) was generated by sequential mutagenesis using the same sets of primers. In order to increase the expression level in hippocampal neurons, we cloned wild-type agrin-GFP and mutants into a mammalian expression vector with a β-actin promoter (gift from Dr. A. Matus, Friedrich Miescher Institute, Switzerland).
DsRed-Agrin 4,19 (TM-agrin) was generated from the GFP(N 0 )-agrin4,19 construct [42] by cloning in-frame into the pDsRedMonomer-C1 Vector (Clontech Laboratories, Inc., Mountain View, CA). AU5-tagged Cdc42 wild-type and dominant-negative constructs as well as Rac1 wild-type and dominant-negative were obtained from Dr. J. Donaldson (NHLBI, NIH, Bethesda, MD). AU5-tagged RhoA wild-type and dominant-negative constructs were provided by Dr. S. Gutkind (NIDCR, NIH, Bethesda, MD). GFPtagged Myosin10 and GFP-Myo10-HMM constructs were obtained from Dr. R. Cheney (UNC, Chapel Hill, NC).
Cell and culture and transfection COS7 and HEK293 cells were maintained in high glucose Dulbecco's Modified Eagle medium (DMEM) with 10% fetal bovine serum, 50 U/ml penicillin and 50 µg/ml streptomycin under 5% CO 2 at 37°C. PC12 cells were cultured for 24 h in RPMI 1640 medium supplemented with 10% horse serum plus 5% fetal bovine serum and GlutaMax (Invitrogen). This medium was then replaced for 24 h with differentiation medium, which contained RPMI 1640, 1% horse serum, 50 ng/ml of nerve growth factor and GlutaMax. Cells were transfected at 80-90% confluency with the various DNA plasmids using Fugene 6 (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions.
Rat hippocampal neuron cultures and transfection
Hippocampal neuron cultures were prepared from E19-20 rat embryos as previously described [13, 42] For immunolocalization of fascin and myosin II-B, COS7 cells were fixed using a cytoskeleton preserving fixative containing 60 mM PIPES, pH 7.0, 25 mM HEPES pH 7.0, 10 mM EGTA pH 8.0, 2 mM MgCl 2 , 0.12 M sucrose and 4% paraformaldehyde (Dr. T. Svitkina, unpublished) . The fixative was pre-warmed to 37°C, added to the cells then allowed to cool to room temperature for 30 min. Cells were then permeabilized using 0.5% Triton X-100 for 5 min at room temperature, blocked for 30 min and immunostained with a monoclonal antibody to fascin (0.3 μg IgG/ml) (DakoCytomation, Inc., Carpinteria, CA) or with a rabbit antibody to myosin II-B (1:500) (Convance, Berkeley, CA). Primary antibodies were detected with anti-mouse or anti-rabbit Alexa Fluor 555 (1:200, Molecular Probes). All fixed cell preparations for fluorescence were mounted on glass slides with Vectashield mounting medium (Vector Laboratories, Burlingame, CA).
Enzyme-linked immunoassay of cell surface TM-agrin
Cell surface TM-agrin was assayed essentially as described [43] . COS7 cells in 12-well dishes (5x10 5 cells per well) were transfected with TM-agrin-GFP, one of the three GAG chain mutant plasmids, or GFP. One day after transfection, the cells were washed with cold DPBS and blocked with DPBS containing 2% BSA, then incubated for 1 h with anti-GFP (1:5000) in blocking solution at room temperature. After four washes with DPBS, the cells were fixed with 3% paraformaldehyde in DPBS for 10 min and washed three times, then incubated with horseradish peroxidaseconjugated goat anti-rabbit IgG (1:30,000; Vector Laboratories, Burlingame CA) for 1 h and washed 6 times. Cells were then incubated for 1 h with horseradish peroxidase substrate solution (Sigma) containing 3,3',5,5'-tetramethylbenzidine and H 2 O 2 , and the optical density of the supernatant was measured at 655 nm. 
Imaging and measurement of cell protrusions
Digital images of fixed, immunostained cells were acquired and analyzed with a CCD camera (C4742-95, Hamamatsu Photonics, Hamamatsu, Japan) and MetaMorph software (Universal Imaging Corp, Downingtown, PA). In order to quantify branched retraction fibers (BRFs), we traced the periphery of the cell, including the area occupied by BRFs (A) then traced the periphery of the cell excluding BRFs and filopodia (B) (see Fig. 6G ). The two areas were calculated and the latter area was subtracted from the former to give the area occupied by the BRFs. This area was divided by the length of periphery B to give the BRF index (see Fig. 6F ). For hippocampal neurons, all neurites were measured and the number of filopodia per 10 µm neurite length was calculated. Mean values for 60-80 cells from three experiments were calculated. Statistical significance of differences between mean values was determined by a two-tailed t-test.
To make time-lapse sequences, 2-3 DIV hippocampal neuron or COS7 cell cultures on 30-mm diameter coverslips were transferred to a microscope incubator (XL-3, Carl Zeiss, Inc.) on a Zeiss Axiovert 200 M microscope (Carl Zeiss, Inc.) and maintained at 37°C under humidified 10% CO 2 . Time-lapse phase contrast sequences were acquired with a CCD camera (C4742-95-12ER, Hamamatsu Photonics) using a 63×, 1.4 numerical aperture oil immersion objective. The sequences contained 120 frames taken at 30-s intervals. All images were acquired and analyzed with MetaMorph software.
Electron microscopy
For scanning electron microscopy (SEM), COS7 cells were plated as for light microscopy on coverslips etched with a numbered locator grid (Electron Microscopy Sciences, West Chester PA, Cat. #72265-50). Cultures were fixed 24 h after transfection in 4% paraformaldehyde, 4% sucrose, 0.1 M sodium phosphate buffer pre-warmed to 37°C, for 30 min at room temperature. Fields containing transfected cells were recorded at low magnification by both fluorescence and phase contrast microscopy. Cultures were further fixed with 2% glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated in a graded ethanol series, critical point dried, mounted on SEM stubs and sputtercoated with approximately 5 nm of gold. After coating, the locator grid was visible with a stereomicroscope but not with the SEM, so drops of silver adhesive were applied for orientation and adjacent to grid locations of interest to allow relocation of transfected cells. SEM images of 27-36 transfected cells were recorded for each construct, using a Hitachi S-3400 N SEM (Hitachi High Technologies Corp., Tokyo, Japan).
Platinum replicas of detergent-extracted COS7 cell cytoskeletons were prepared as described in detail previously [44] . Our procedure differed only in the equipment used for critical point drying and platinum evaporation. The extraction buffer contained 2 µM phalloidin, to stabilize actin filaments, and 2 µM taxol, to stabilize microtubules. The replicas were examined with a JEM 1200EX-II electron microscope (JEOL, USA, Inc., Peabody, MA). The negatives were digitally scanned and image contrast was reversed for publication.
Pull-down assays of Rho-family GTPases
COS7 cells were transfected with control vector, wild-type or DN Cdc42, Rac1 or RhoA with TM-agrin or its mutants. After 24 h, cells were lysed in lysis/wash buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl 2 , 1 mM EDTA, 2% glycerol). To measure the active GTP-bound form of Rho-family GTPases in the cell lysates, we performed pull-down assays (Upstate Cell Signaling Solutions, Lake Placid, NY) using recombinant GST-Pak-1 P21 binding domain (for Cdc42 and Rac1) and Rhotekin-RBD (for RhoA). Equal amounts of the cell lysate were incubated with 10 µg of GST-Pak-1 or 20 µg of GST-RBD agarose for 60 min at 4°C, then sedimented by centrifugation. Complexes were boiled in a Laemmli sample buffer and then separated on 12% SDS-polyacrylamide gels. The separated proteins were immunoblotted using AU5 antibody (1:1000, Covance Research Products, Berkeley, CA) and visualized by anti-mouse Alexa Fluor 680 secondary antibody (1:5000, Molecular Probes/Invitrogen). Immunoreactivity was detected with the Odyssey infrared imaging system (Li-Cor Biosciences).
Cell adhesion assay
Adhesion of COS7 cells to a substratum was assayed as described [45] . Ninety-six-well plates were coated with 0.1 mg/ml poly-Llysine overnight at 4°C, and then blocked with DPBS containing 2% BSA for 2 h. Transfected cells were harvested with enzyme-free cell dissociation buffer (Invitrogen), and then plated in DMEM with 1% BSA at a density of 60,000 cells/well. Cells were allowed to attach to the wells for 60 min at 37°C, then non-adherent cells were washed away. The remaining adherent cells were fixed with 5% glutaraldehyde for 30 min and stained with 5 mg/ml crystal violet in 20% methanol for 30 min, washed with PBS, and extracted with 0.2% Triton X-100 for 1 h. Microplates were colorimetrically evaluated at 562 nm.
Results
Over-expression of full-length TM-agrin-GFP induces formation of filopodia-like processes in cell lines
We previously reported that over-expression of transmembrane agrin (TM-agrin) induces filopodia formation in myotubes, hippocampal neurons and SHSY5Y neuroblastoma cells [12, 13] . In order to develop a convenient model system to study the molecular mechanisms of this induction, we examined the effect of TM-agrin over-expression in various cell lines. Cells were transiently transfected with wild-type TM-agrin-GFP. After 24 h, cells were fixed and stained with anti-GFP antibody. Cells overexpressing TM-agrin-GFP presented striking morphological alterations. We found different kinds of filopodia-like processes protruding from the cell periphery in different cell lines (Fig.  1A-F) . In HEK293 cells (Fig. 1A) , we found both long filopodia and branched processes attached to the substrate, the latter of which we shall call branched retraction fibers (BRFs). In COS7 cells, we observed an abundance of BRFs but few typical filopodia (Fig. 1B) . In PC-12 neuronal cells, there were mainly filopodia of typical appearance (Fig. 1C) . Surprisingly, COS7 cells transfected with TMagrin-GFP formed fewer filopodia on the unattached surface of the cell than did GFP-transfected controls ( Fig. 1G and H) . Scanning electron microscopy showed that 43% of GFP-transfected cells had 10 or more filopodia on the unattached surface compared to 11% of TM-agrin-GFP-transfected cells (p < 0.01; Chi Square test). Moreover, 25% of cells transfected with a mutant TM-agrin-GFP lacking heparan sulfate GAG chains (resulting in reduced BRF formation), had 10 or more filopodia on the unattached surface. Thus it appears that the formation of attached BRFs is somehow opposed to the formation of unattached filopodia. Time-lapse sequences of TM-agrin-GFP-transfected COS7 cells (Fig. 1I) showed that BRFs were formed by retraction of lamellipodia, which were continually extended and retracted by COS7 cells during the normal course of cell migration.
Branched retraction fibers of COS7 cells resemble filopodia in protein localization and structure Cells elaborate filopodia and retraction fibers during cycles of protrusion and withdrawal, and both kinds of processes contain bundles of long actin filaments [44] . To determine whether BRFs contain actin filaments (F-actin), we labeled TM-agrin-GFPtransfected cells with rhodamine-phalloidin. F-actin was detected throughout the BRFs ( Fig. 2A-C) . It has been reported that myosin 10 (myo10) localizes to the tips of filopodia and that overexpression of myo10 leads to an increase in the number and length of filopodia. A truncated myo10 lacking the tail domains also localized to the tips of filopodia but did not induce filopodia formation [46] . We found that both of the GFP-tagged myo10 constructs localized to the tips of many of the BRFs (Fig. 2D-F and G-I). To further characterize BRFs, we investigated the distribution of two proteins known to be associated with typical actin-rich structures. First, fascin, an actin filament bundling protein which is observed in filopodia and other leading edge structures containing actin, was concentrated in BRFs (Fig. 2J-L) . Second, myosin II-B, which is associated with actin-rich stress fibers but is absent from filopodia, was absent from BRFs ( Fig. 2M-O) . Thus, all of the protein localization results are consistent with a filopodia-like nature of BRFs. Filamentous actin in BRFs occurred in two arrangements, as seen by electron microscopy of extracted COS7 cell cytoskeletons (Fig. 3) . Parallel to the long axis of the primary fibers and branches we found a core bundle of actin filaments. This further confirmed the filopodia-like nature of BRFs induced by transfection with TM-agrin. At the branching points of BRFs there was a network of actin filaments similar to the network found in the leading edge of lamellipodia [44] . This is consistent with our observation that BRFs are formed by retraction of lamellipodia.
In view of the robust response of COS7 cells to transfection with TM-agrin and the above observations indicating that BRFs are similar in structure and molecular composition to filopodia, we decided to use this system to study the mechanisms by which TM-agrin may regulate filopodia and other modifications of the actin cytoskeleton.
Deletion of agrin GAG chains reduces induction of branched retraction fibers in COS7 cells and filopodia in hippocampal neurons
We previously showed that the extracellular N-terminal domains of TM-agrin are required for the induction of filopodia in cultured Fig. 5 -Mutation of the GAG chain attachment sites results in elimination of the expected GAG chain types in over-expressed TM-agrin. (A) Domain structures of TM-agrin-GFP and the GAG chain mutants used in this study. GFP was attached to the C-terminal end of these constructs. (B) The high molecular weight smear of glycosylated agrin is reduced both in range of molecular weight and in density relative to the agrin core protein in GAG chain mutants. COS7 cells over-expressing TM-agrin-GFP or the mutants were lysed 24 h after transfection and the proteins were separated by SDS-PAGE. The blots were stained with GFP antibody. A separate blot for GAPDH shows that protein loading was equivalent in all lanes, however, total agrin-GFP expression levels in this experiment varied, as indicated by variation in total GFP immunoreactivity. The agrin-GFP core protein band ran at ∼220 kD. The narrower, lower molecular weight smear in the SI + II mutant is presumed to represent agrin with non-GAG glycosylation. (C) Chondroitin sulfate GAG chains are absent in SII and SI + II mutants. Western blots of wild-type and mutant lysates were stained with chondroitin sulfate antibody CS-56. (D) HS and CS GAGs are lacking in COS7 cells over-expressing the respective GAG chain mutants. Cells transfected with TM-agrin-GFP or mutants (SI, SII and SI + II) were fixed after 24 h and immunostained with mouse monoclonal HS (left-hand column) or CS (3rd column from left) antibodies followed by Cy3-conjugated anti-mouse. TM-agrin and mutants were detected by GFP fluorescence (2nd and 4th column from left). Cells were imaged by confocal microscopy. Cells over-expressing wild-type TM-agrin-GFP showed strong staining for HS and CS but the SI, SII and SI + II mutants lacked immunoreactivity with HS, CS and both antibodies, respectively. Note that GFP fluorescence indicated similar levels of membrane expression for the wild-type and mutant forms of TM-agrin-GFP. Reference bar = 10 µm. hippocampal neurons [13] . In the present study, transfection of COS7 cells with a TM-agrin deletion mutant (TM-C agrin) lacking only the N-terminal extracellular domains [42] did not result in formation of BRFs or filopodia. However, transfection with a deletion mutant (TM-N agrin) lacking only the C-terminal domains [42] resulted in the induction of BRFs and substrateattached filopodia, although to a lesser extent than with wild-type TM-agrin (Fig. 4) .
Glycosaminoglycan (GAG) chains are a prominent feature of the N-terminal domains of agrin and are known to interact with various extracellular and transmembrane signaling proteins [47] . Therefore we tested the role of these GAG chains in the induction of filopodia in hippocampal neurons and BRFs in COS7 cells. Agrin contains 20 serine/glycine (SG) sequences as potential GAG chain binding sites. We chose to mutate the two major SG clusters, which are thought to play the most important role in binding GAG chains [30] . The first SG cluster (SI), which binds heparan sulfate (HS) GAG chains, is located between the seventh and eighth follistatin-like domains. The second cluster (SII), which binds chondroitin sulfate (CS) GAG chains, is located in a serine/ threonine-rich domain. The TM-agrin-GFP mutants we generated were named SI, SII and SI + II according to the clusters mutated (Fig. 5A) . In order to ascertain that the expected GAG chains of agrin were eliminated in these mutants, we first over-expressed wild-type TM-agrin-GFP or each mutant in COS7 cells and then tested for the presence of the GAG chains 24 h after transfection by Western blot or immunostaining with antibodies to GFP, CS and HS. Western blots using a GFP antibody showed that the high molecular weight smear indicating glycosylation of agrin-GFP was reduced in molecular weight, breadth and density relative to the agrin-GFP core protein band in the GAG chain mutants (Fig. 5B) . The remaining, narrower smear in the SI + II mutant presumably represented glycosylation of agrin at other sites. Western blots with a CS antibody showed that the SII and SI + II mutants lacked CS GAG chains as expected (Fig. 5C) . Finally, immunostaining for CS was greatly reduced or absent in cells transfected with the SII and SI + II mutants while immunostaining for HS was greatly reduced or eliminated in the SI and SI + II mutants (Fig. 5D ). These results confirmed the deletion of HS, CS or both GAG chains in COS7 cells expressing the respective mutants.
In order to determine whether agrin GAG chains are involved in the induction of BRFs or filopodia, COS7 cells or hippocampal neurons were transfected with GFP alone, TM-agrin-GFP, SI, SII or SI + II. An ELISA assay showed that wild-type TM-agrin-GFP and the GAG chain mutants were expressed at similar levels on the surface of COS7 cells (Fig. 6H) . Using a quantitative assay of the extent of BRFs formed, we found that elimination of the GAG chains strongly reduced BRF formation in transfected COS7 cells. Branched retraction fiber formation in cells transfected with SI, SII and SI + II was reduced by 95, 58 and 86%, respectively, compared to wild-type TM-agrin (Fig. 6A-F) . Mutation of the GAG chain initiation sites of agrin had a similar effect on transfected hippocampal neurons. Transfected neurons were fixed after 3 days in culture, and were analyzed for filopodia density (number of filopodia per 10 µm length) along all neurites. Filopodia density in neurons transfected with the SI, SII or SI + II mutants was reduced 50-60% (p < 0.001) compared to that of cells transfected with wild-type TM-agrin-GFP (Fig. 7) . These results indicate that agrin's GAG chains play an important role in the induction of BRFs in COS7 cells and filopodia in hippocampal neurons.
Effects of transfection with TM-agrin and GAG chain mutants on activity of Cdc42, Rac1 and RhoA
In order to investigate the possible roles of Cdc42, Rac1 and RhoA in the induction of BRFs in TM-agrin-transfected COS7 cells, we cotransfected the cells with TM-agrin-GFP or GFP alone, and wildtype Rho-family GTPase constructs, then measured activation of over-expressed GTPase with a pull-down assay. In some experiments we additionally co-transfected with dominant-negative Rho-family GTPase constructs. Analysis of the time course of Cdc42 activation revealed a low degree of activation at 12 h after TMagrin-GFP transfection (Fig. 8A) , the time point when GFP fluorescence first became visible at the cell membrane and BRFs first appeared (Fig. 8G) . At 24 h after transfection, Cdc42 activation was increased 16-fold compared to the GFP control (Fig. 8A and B) . Similarly, Rac1 activation was increased 23-fold at 24 h (Fig. 8C  and D) . The increases in activation of Cdc42 and Rac1 were inhibited by the additional co-expression of their respective dominant-negative mutants. In contrast to the results with Cdc42 and Rac1, we found that TM-agrin-GFP reduced the activation of RhoA by about 26% (Fig. 8E and F) . All three GAG chain mutants evoked Rac1 and Cdc42 activation, but to a lower degree than wild-type agrin (Fig. 9) . Cdc42 activation was reduced by 72, 38 and 60% in cells transfected with SI, SII and SI + II, respectively, compared to activation in cells transfected with wildtype TM-agrin-GFP, and similar reductions in activation were observed for Rac1 ( Fig. 9B and D) . Interestingly, the reductions in activation of Cdc42 and Rac1 paralleled the reductions in BRF formation with the same mutants (Fig. 6) . The results suggest that Rac1 and Cdc42 are located downstream of agrin in the signaling pathway that leads to BRF formation.
Effects of dominant-negative mutants of Cdc42, Rac1 and RhoA on TM-agrin-induced BRF formation
Whereas the actin cytoskeleton rearrangements of lamellipodia and membrane ruffles have been associated with Rac1 activation, Fig. 7 -Mutation of agrin GAG chains leads to decreased induction of filopodia in hippocampal neurons. Neurons were transfected with GFP (A), TM-agrin-GFP (B), SI (C), SII (D) or SI + II (E). After 3 days in culture, the neurons were fixed and visualized by GFP fluorescence. The higher magnification inset in (A) shows that filopodia could be detected in cells transfected with GFP, which is expressed in the cytoplasm. Filopodia density was increased in neurons that over-expressed TM-agrin-GFP compared to the GFP control, while filopodia density of neurons over-expressing SI, SII and SI + II was reduced 50-60% (p < 0.001) compared to neurons transfected with TM-agrin-GFP (F). Graph shows mean filopodia densities and standard errors from 3 experiments (n = 60 neurons for each condition). Reference bar = 10 µm.
filopodia and stress fibers have been associated with Cdc42 and RhoA activity, respectively [48, 49] . To determine whether activation of any of these Rho GTPases is required for the formation of BRFs in cells transfected with TM-agrin-GFP, we co-transfected COS7 cells with TM-agrin-GFP and either the dominant-negative mutant of Cdc42 (N17Cdc42), Rac1 (N17Rac1), or RhoA (N19RhoA). In the presence of N17Cdc42, BRFs were virtually eliminated (Fig. 10A and B) , but a few long filopodia-like processes remained. Time-lapse observations starting 24 h after transfection showed that these processes could be formed during the retraction of BRFs. The few BRFs present lost branches and became single long filopodia-like processes, while long filopodia-like processes became shorter (Fig. 10H) . In contrast, cotransfection of TM-agrin-GFP with N17Rac1 abolished lamellipodia and membrane ruffles (Fig. 10A and C) instead leaving long filopodia- Cells were co-transfected with wild-type Rho-family GTPases and GFP (control), or TM-agrin-GFP and the wild-type GTPases, or agrin, wild-type GTPases and dominant-negative GTPases. After 24 h, cells were lysed and activation of Rac1, Cdc42 or RhoA was measured with a pull-down assay. Over-expressed Cdc42, Rac1 and RhoA were visualized by Western blotting using an anti-AU5 antibody (A-F). Each graph shows mean activation and standard error (n = 3 experiments). (G) TM-agrin-GFP in the cell membrane and BRFs first appear 12 h after co-transfection with TM-agrin-GFP, at the same time that activation of Cdc42 is first detected (A).
like processes in greater numbers than with dominant-negative Cdc42. These processes formed by the retraction of lamellipodia (not shown) but no BRFs were observed. Branched retraction fibers were totally abolished in COS7 cells co-transfected with N19RhoA and TMagrin-GFP (Fig. 10A and D) with only lamellipodia and ruffles present. The lamellipodia observed under these conditions were more extensive than in control cells, consistent with the requirement for RhoA activity in lamellipodium retraction. These results indicate that agrin-induced BRF formation requires the activity of Cdc42, Rac1 and RhoA.
HS GAG chains of agrin are important for the stability of filopodia induced by agrin in hippocampal neurons
We previously reported that the filopodia of TM-agrin-transfected hippocampal neurons were more stable than controls transfected with GFP and that knocking down endogenous agrin expression decreased the stability of filopodia [13] . Here we examined the role of agrin's HS and CS GAG chains in stabilization of filopodia in these neurons. We analyzed phase contrast time-lapse sequences of transfected neurons identified by GFP fluorescence in living 2-to 3-day-old cultures, which were plated at the same cell density as those used to analyze filopodia density. For consistency, we only analyzed the stability of filopodia along axons, as we did in the previous study [13] . In agreement with our previous results, the mean lifetime of filopodia along axons was 43.0 min in GFP control transfected neurons compared to 56.5 min in TM-agrin-GFPtransfected neurons (p < 0.001). Filopodia in SI-transfected neurons had a mean lifetime of 49.6 min compared to 56.5 min, 53.6 min and 55.7 min in TM-agrin-, SII-and SI + II-transfected neurons (p < 0.01, 0.05 and 0.01), respectively. Mean lifetimes of filopodia did not differ significantly between TM-agrin-, SII-and SI + II-transfected neurons. From 77.5 to 98% of filopodia in TMagrin-GFP and mutant-transfected neurons were either very stable (present for 60 min or more) or very labile (present for ≤1.5 min). As shown in Fig. 11 , the percentage of very stable filopodia was significantly reduced in SI-transfected neurons compared to wildtype TM-agrin-GFP and the other GAG chain mutants. These results indicate that the HS GAG chains play an important role in stabilizing filopodia induced by over-expressed TM-agrin in hippocampal neurons. The observation that filopodia stability of neurons transfected with the SI + II mutant was not significantly different from that of neurons transfected with wild-type TMagrin-GFP suggests that the CS GAG chains may have an opposite effect to HS GAG chains with respect to filopodia stability.
Inhibition of cell adhesion by mutation of agrin GAG chains in COS7 cells
Since BRFs are attached to the culture substratum, and agrin is known to interact with extracellular matrix and other cell adhesion molecules (see Introduction and Discussion), we investigated the effects of TM-agrin-GFP transfection and the deletion of agrin's GAG chains on COS7 cell adhesion to the culture substratum. In addition, Fig. 9 -Cdc42 (A, B) and Rac1 (C, D) are activated at lower levels in cells transfected with agrin GAG chain mutants than with wild-type agrin. Cells were co-transfected with wild-type Cdc42 or Rac1 and GFP, or TM-agrin-GFP, SI, SII or SI + II. After 24 h, cells were lysed and the activation of Rac1 and Cdc42 were measured by a pull-down assay. Total over-expressed Cdc42 or Rac1 protein was visualized by Western blotting using an AU5 antibody. Graphs show mean activation level and standard error (n = 3 experiments).
since deletion of the C-terminal domains of TM-agrin, which contain domains that interact with integrins, reduced but did not eliminate BRF induction, we examined the effects of this deletion on adhesion as well. We found that transfection with wild-type TM-agrin-GFP enhanced cell adhesion about 2-fold compared to the control cells transfected with GFP (Fig. 12) . Adhesion of cells transfected with the three GAG chain mutants was reduced 27-30% (p <0.001) and deletion of the C-terminal domains (TM-N agrin) resulted in a reduction of 15% (p < 0.01) compared to wild-type TM-agrin (Fig. 12) . These results suggest that the GAG chains and C-terminal domains of TM-agrin all have roles in promoting cell adhesion to the substratum.
Discussion
Previous studies have indicated a role for TM-agrin in the regulation of neuronal filopodia [13, 14] , including the dendritic filopodia implicated in synapse formation [15] . To understand better how TM-agrin regulates actin-based cellular protrusions, we investigated the role of GAG chains of TM-agrin in the formation of filopodia-like processes in COS7 cells and filopodia in hippocampal neurons.
Branched retraction fibers (BRFs) and filopodia induced by TM-agrin
In this study, we observed the induction of various filopodia-like processes in cell lines with over-expression of TM-agrin, in agreement with our previous results in muscle cells. In COS7 cells, formation of branched retraction fibers (BRFs) predominated. Similar protrusions were observed in COS-1 cells overexpressing the proteoglycan syndecan-2 [50] . Recently, formation of filopodia-like processes identical in appearance to BRFs was described in TM-agrin transfected COS7 and HEK293 cells [51] . Filopodia, microspikes and retraction fibers contain actin filament bundles and are regarded as a continuum of structures distinguished by the protrusive activity of the surrounding lamellipodia [44] . In view of the filopodia-like nature of BRFs confirmed by analysis of ultrastructure and protein localization, the abundant formation of BRFs in TM-agrin-transfected COS7 cells and the high transfection efficiency of this cell line, we used this system to study mechanisms by which TM-agrin may regulate filopodia as well as other modifications of the actin cytoskeleton.
Role of agrin GAG chains in the induction of neuronal filopodia and BRFs
We previously showed that the N-terminal half of TM-agrin is required to increase filopodia density in hippocampal neurons [13] . Here, we found that this portion of TM-agrin was sufficient to induce BRF formation in COS7 cells, although less strongly than full-length TM-agrin. Mutation of the GAG chain binding sites located in the N-terminal half of agrin greatly reduced BRF formation and eliminated induction of neuronal filopodia in transfected cells. This suggests an important role for the GAG chains in agrin-induced remodeling of the actin cytoskeleton. In COS7 cells, elimination of the HS GAG chains had a much more potent effect on BRF induction than elimination of the CS GAG chains. The HS GAG chains are involved in binding of NCAM, fibroblast growth factor-2 (FGF2) and other heparin-binding growth factors to agrin [36] . Moreover, HS GAG chains are important for the ability of agrin to potentiate FGF2-stimulated neurite outgrowth [9] . Heparan sulfate GAG chains are generally thought to play a key role in interactions with extracellular ligands [52] . However, consistent with our observation that deletion of the CS GAG chains sharply reduced BRF formation, a transmembrane CS proteoglycan (NG2) interacts with FGF2 and regulates retraction fiber formation in a GAG chain dependent manner [53] .
We previously showed that the effect of TM-agrin on filopodia density in hippocampal neurons was in part due to stabilization of filopodia [13] . Here, we found that elimination of the HS GAG chains reduced filopodia stability but elimination of the CS GAG chains did not, despite the strong effect on filopodia density. Interestingly, elimination of both HS and CS GAG chains did not reduce filopodia stability. This suggests that the CS GAG chains have an opposing effect on neuronal filopodia stability to that of HS GAG chains. Thus, the stimulatory effect of the CS GAG chains on filopodia density must be explained by a mechanism other than increasing the stability of the filopodia, possibly through their effect on adhesion, discussed below.
Rho-family GTPases Cdc42, Rac1 and RhoA in TM-agrininduced BRF formation Rho-family small GTPases play essential roles in regulating the organization of the actin cytoskeleton in many cell types [54] . Activation of Cdc42 typically leads to the formation of microspikes and filopodia, whereas activation of Rac1 mediates the generation of membrane ruffles and lamellipodia [55] . Our present results with respect to the activation of Cdc42 and Rac1 and the effect of dominant-negative forms are consistent with a role for activation of these GTPases downstream of TM-agrin in regulation of the actin cytoskeleton, although the intermediate signaling molecules remain to be determined. In contrast to the strong activation of Cdc42 and Rac1, RhoA activation was reduced by only 26%, consistent with the inactivation of RhoA coupled with Rac1 and Cdc42 activation during nerve growth factor-stimulated neurite outgrowth [56] . This moderate reduction of RhoA activation left enough activity to induce the retraction necessary for BRF formation. In contrast, co-transfection with DN RhoA strongly reduced RhoA activation, eliminated BRF formation, and resulted in more extensive presence of lamellipodia than in controls, since retraction of lamellipodia was strongly inhibited. Our results are consistent with a model in which Rac1 acts to promote lamellipodia extension and RhoA acts to cause their retraction but Cdc42 promotes formation and extension of the actin filament bundles that form the cores of the BRFs, preventing their retraction. It is also noteworthy that deletion of the HS GAG chains reduced activation of Cdc42 and Rac1 more than did deletion of CS GAG chains. This relative effect was paralleled by the effect on BRF formation. This further supports the idea that specific GAG chain interactions with other proteins are key to modulation of the actin cytoskeleton by TM-agrin.
In a recent article [51] , it was reported that N-terminal follistatin domains, particularly the 7th follistatin domain of TMagrin, were necessary and sufficient to induce the formation of filopodia-like processes in HEK293 cells and cultured embryonic chick tectal neurons. When the 3 serines that serve as HSPG GAG chain attachment sites were mutated, the N-terminal construct lost 70% of its process-inducing activity but when the domain containing those attachment sites as well as the 8th follistatin domain was deleted, full activity was restored. The authors interpreted these results as possibly indicating that the HSPG GAG chains serve to prevent an interaction between the 8th and 7th follistatin domain that inhibits the process-inducing activity of the 7th follistatin domain. In this respect, it is interesting that in the present study, the elimination of the HSPG GAG chains, which are inserted between the 7th and 8th follistatin domains, more strongly reduced BRF formation than elimination of the CS GAG chains. However, the following differences between the assays and constructs used by Porten et al. [51] and in the present study, leave room for interpretation as to the specific roles of the GAG chains and follistatin domains. First, the present study used an assay in which the portion of the total cell area occupied by BRFs was assayed. Although the filopodia-like processes assayed by Porten et al. appear virtually identical to the BRFs that we observed in COS7 cells, these investigators assayed the percentage of cells with 10 or more individual processes or at least 2 very long processes. We would expect the assay used in the present study to be more sensitive to graded changes in the extent of process formation than the assay used by Porten et al. Consequently, the two assays might yield different interpretations of the results. Second, the present study involved mutations of the serines serving as GAG chain attachment sites in full-length TM-agrin and the results clearly showed their importance for BRF formation and Rho-family GTPase activation. In contrast, Porten et al. primarily used constructs containing only the transmembrane and follistatin domains, with or without the domains containing the GAG chain attachment sites. Although those results show the sufficiency of specific follistatin domains in these truncated constructs to induce process formation, the effect of deleting individual follistatin domains from full-length TM-agrin remains unknown. Future experiments may help to elucidate the roles, relative importance and possible interactions between the follistatin domains and the GAG chains.
The identity of the proteins or receptors that interact with the GAG chains of TM-agrin to positively regulate filopodia and similar cell processes remains unknown. However, it has recently been reported that the formation of filopodia-like processes on cultured neurons induced by the clustering of TM-agrin depends on the clustering of TM-agrin in lipid rafts and the subsequent activation of Fyn, leading to downstream activation of MAP kinase [27] . On the basis of these results, Ramseger et al. proposed that TM-agrin acts as a receptor or co-receptor to initiate this signaling cascade. The results of the present study suggest the possibility that the GAG chains of TM-agrin are important for its activity as a co-receptor.
Adhesive effect of agrin GAG chains and the role of cell adhesion in BRF and filopodia formation induced by TM-agrin transfection Our observation that BRFs are formed by the partial retraction of lamellae attached to the substrate suggested that increased cellsubstrate adhesion could be involved in BRF formation. Therefore we investigated the adhesive effects of the GAG chains, whose strong negative charges might promote adhesion to coverslips coated with positively charged poly-L-lysine. Over-expression of TM-agrin in COS7 cells increased cell-substrate adhesion more than 2-fold and this effect was markedly reduced by deletion of the GAG chains. In contrast to the greater effect of HS GAG chain deletion on BRF formation and the activation of Cdc42 and Rac1, all three GAG chain mutants showed similar reductions in adhesion. These results suggest that HS-specific mechanisms are at least as important as the charge of GAG chains for BRF formation.
Filopodia density in neurons was reduced to control levels with all three GAG chain mutants, but neuronal filopodia stability was reduced only by deletion of the HS GAG chains. Thus, the adhesive effect of the GAG chains alone does not fully account for the ability of TM-agrin to regulate filopodia. It is possible that the interaction of the HS GAG chains of agrin with NCAM [29] is involved in the increase of filopodia density induced by TM-agrin transfection or that there is an adhesive interaction between NCAM attached to the cell membrane and the TM-agrin shed onto the substrate [42] . Laminin-G homology domains in the Cterminal half of agrin also mediate cell-substrate adhesion, through their interaction with integrins [57] . Consistent with this, we found that COS7 cells transfected with the TM-agrin mutant lacking the C-terminal half of agrin (TM-N agrin) were less adhesive than wild-type TM-agrin transfected cells. Moreover, BRF formation was reduced in COS7 cells transfected with TM-N agrin, consistent with a possible role of integrin-mediated adhesion. However, TM-C agrin did not induce BRFs in COS7 cells, and filopodia density was not reduced in neurons transfected with TM-agrin-N compared to full-length TM-agrin [13] . Therefore the role of an integrin-dependent mechanism, if any, in neuronal filopodia regulation and BRF formation would appear to be secondary to that of the GAG chains of TM-agrin.
In summary, we have established a role for the GAG chains of TM-agrin in modulation of the actin cytoskeleton in a manner dependent on regulation of Rho-family GTPase activity. Future studies should identify the protein-GAG chain interactions and additional signal transduction events, through which agrin modulates the actin cytoskeleton.
